Intact rat liver mitochondrial as well as fragments of mitochondrial membranes capable of oxidative phosphorylation2 catalyze an exchange reaction between ATP and ADP which is inhibited by 2,4-dinitrophenol (DNP). The exchange enzyme has been postulated to catalyze the terminal reaction of oxidative phosphorylation by which ATP is formed.'-5 The ATP-ADP exchange reaction is inhibited by dinitrophenol only in freshly prepared particles capable of phosphorylation; aging of the particles causes no loss of activity of the exchange but results in loss of its DNP-sensitivity.2 Similarly, azide has no inhibitory effect on the ATP-ADP exchange, but abolishes its sensitivity to DNP.2 The stability of the ATP-ADP exchange enzyme made possible its extraction in soluble form2 and its purification to a high degree.6 The soluble form of the enzyme is completely insensitive to DNP.2,6
Intact rat liver mitochondrial as well as fragments of mitochondrial membranes capable of oxidative phosphorylation2 catalyze an exchange reaction between ATP and ADP which is inhibited by 2,4-dinitrophenol (DNP). The exchange enzyme has been postulated to catalyze the terminal reaction of oxidative phosphorylation by which ATP is formed.'-5 The ATP-ADP exchange reaction is inhibited by dinitrophenol only in freshly prepared particles capable of phosphorylation; aging of the particles causes no loss of activity of the exchange but results in loss of its DNP-sensitivity. 2 Similarly, azide has no inhibitory effect on the ATP-ADP exchange, but abolishes its sensitivity to DNP. 2 The stability of the ATP-ADP exchange enzyme made possible its extraction in soluble form2 and its purification to a high degree. 6 The soluble form of the enzyme is completely insensitive to DNP. 2, 6 These findings thus show that DNP-sensitivity is not intrinsic but is conferred on the ATP-ADP exchange in fresh mitochondria or membrane fragments because it is in functional equilibrium with an earlier enzymatic reaction of the respiratory energy coupling mechanism which is sensitive to DNP, from which it can be dissociated by aging, azide, or physical separation. This paper describes the restoration of DNP-sensitivity to the soluble, DNPinsensitive ATP-ADP exchange enzyme separated from rat liver mitochondria, by recombining it with mitochondrial membrane fragments prepared by the action of digitonin.7 Such "recombination," which is specific, indicates that the soluble ATP-ADP exchange enzyme we have isolated is a participant in the mechanism of respiratory energy-coupling and differentiates it from other mitochondrial enzymes catalyzing ATP-ADP exchanges2 which are not relevant to oxidative phosphorylation.
Methods.-The ATP-ADP exchange rate was measured with p32-or C'4-labeled ADP using the paper chromatographic separation described before.2 Initial incorporation rates under conditions of substrate saturation were measured. Phosphorylating digitonin particles from rat liver mitochondria were prepared according to Devlin and Lehninger.7 Soluble ATP-ADP exchange enzyme was prepared according to Wadkins and Lehninger.2 The purification of the ATP-ADP ex-change enzyme6 will be described in detail elsewhere; it involves ammonium sulfate fractionation and chromatography on a column of DEAE-cellulose.
Restoration of DNP-sensitivity of the soluble A TP-ADP exchange enzyme by "recombination" with normal digitonin fragments: Data from several experiments in Figures 1-4 The conferral of DNP-sensi-"recombination" phenomenon. Details as in Table 1 . tivity on the inherently insensi-The particles were aged 24 hours at 20. tive soluble ATP-ADP exchange enzyme, by adding it to the DNP-sensitive digitonin fragments, is not due simply to an increase in ADP and a decrease in ATP concentration in the medium caused by stimulation of ATP-ase activity of digitonin particles by the DNP, an action which might decrease the ATP-ADP exchange rate through Michaelis-Menten effects. Such an explanation is ruled out since (1) the exchange reaction rate is measured with short reaction times (3 minutes) over which less than 3 per cent of the ATP in the system is split to ADP + P1 in the absence of DNP and less than 8 per cent in the presence of DNP, and (2) Figure 2 show that the incubation of digitonin particles previously aged 24 hr or longer at 20 (to inactivate the ability for oxidative phosphorylation) with the soluble ATP-ADP exchange enzyme results in a system in which the ATP-ADP exchange is essentially insensitive to DNP. It is therefore clear that conferral of DNP-sensitivity on the soluble ATP-ADP exchange enzyme is specific and depends on the competence of the digitonin particles in catalyzing oxidative phosphorylation.
Effect of azide on recombination phenomenon: Earlier experiments showed that azide does not inhibit the ATP-ADP exchange reaction in either fresh or aged digitonin particles or in the soluble enzyme; however, the presence of 0.002 M azide abolishes the DNP-sensitivity of the exchange in fresh digitonin particles. Data in Figure 3 show that 0.002 M azide also abolishes the DNP-sensitivity of the combination of soluble exchange enzyme with fresh digitonin particles in agreement with expectation if the recombination is specifically associated with the coupling mechanism.
Effect of purification of the soluble ATP-ADP exchange enzyme on its ability to recombine: The preceding experiments were carried out with preparations of the soluble ATP-ADP exchange enzyme which are relatively crude and purified to only a limited extent (10-20 fold above its activity in intact mitochondria). More recently, the enzyme has been purified approximately 150 fold by ammonium sulfate fractionation, followed by chromatography on DEAE-cellulose columns. It Figure 4 compare the DNPsensitivity of the crude and purified soluble exchange enzyme preparations when they are "recombined" with digitonin fragments. It is seen that a crude sample of the soluble enzyme "recombines" with restoration of DN P-sensitivity, whereas a highly purified fraction obtained from the crude sample by ammonium sulfate fractionation shows no evidence of recombination, i.e., DNP-sensitivity is not conferred on it. Purification of the exchange enzyme by relatively mild procedures thus causes loss of its ability to recombine with the digitonin particles; this suggests that a cofactor for recombination is required. Other explanations are discussed below. Discussion. The "recombination" of the DNP-insensitive soluble ATP-ADP exchange enzyme with phosphorylating digitonin particles to reconfer DNPsensitivity is fully consistent with and provides further support for a general mechanism of respiratory energy coupling postulated earlier: [2] [3] [4] [5] (1) Carrier --X + P1 i P X + Carrier (2) P-X+± E ±P--E+X (3) P -E + ADP T ATP + E where Carrier '-X is the chemical species of the electron carrier in which is conserved oxido-reduction energy, and X and E are group-transferring enzymes. E is the enzyme catalyzing the ATP-ADP exchange reaction, which has another active site reactive with P -X. Many considerations suggest that DNP interferes with reaction (1) to cause decomposition of Carrier --X. Such an action accounts for uncoupling of oxidative phosphorylation, stimulation of ATP-ase, and inhibition of the ATP-P,32 exchange and could also account for inhibition of the ATP-ADP exchange by lowering the steady-state concentration of intermediates P X or P -E or both, since these are postulated to be in equilibrium with the DNP-sensitive Carrier,, X. The fact that the DNP-insensitive soluble ATP-ADP exchange enzyme (reaction (3)) regains DNP-sensitivity on addition to phosphorylating digitonin particles normally capable of P:O ratios of 1.5-2.0 indicates that the digitonin particles contain a considerable number of incomplete "assemblies" of coupling enzymes, from which the terminal ATP-ADP exchange enzyme has become detached during isolation. The sites normally binding this enzyme are evidently still intact and capable of "rebinding" the soluble form of the enzyme in a sufficiently specific manner as to bring the exchange enzyme into the proper situation to become reactive with the preceding enzyme X in the lipoprotein membrane which contains the coupling enzymes. Other studies to be reported indicate that this enzyme is indeed rather easily detached, not only by acetone treatment, but also by manipulation of ionic strength and specific anion effects.
The failure of 150-fold purified soluble ATP-ADP exchange enzyme to recombine with the digitonin particles in such a way as to confer DNP-sensitivity requires special comment. It is possible that the purification procedure selected the "wrong" ATP-ADP exchange enzyme from the crude preparations, which contain minor amounts of adenylate kinase, protein phosphokinase, and possibly other phosphotransferases also capable of catalyzing ATP-ADP exchanges, but which are insensitive to DNP. However, this seems unlikely because the purification procedure yielded relatively little loss of total ATP-ADP exchange activity but complete loss of activity for "recombination." A second explanation is that on purification, the second active site of enzyme E, necessary for its binding to X, may have become damaged without damage to the nucleotide-binding sites catalyzing the ATP-ADP exchange reaction. The third explanation, which is the simplest, is that the purification procedures removed a second non-dialyzable protein component necessary for rebinding the ATP-ADP exchange enzyme to the "empty" sites in the digitonin particle. This could be either a specific "cementing" protein not having enzymatic activity or it could be a preceding enzyme in the coupling sequence, such as the enzyme X which participates in reactions (1) and (2). It is possible that certain respiratory assemblies in the digitonin particles are incomplete with respect to both X and E, which must be "rebound" sequentially to confer DNP sensitivity on the isolated exchange enzyme. The enzyme X could have become separated from E during the 150-fold purification of E. In the following paper" is described a protein factor (called M-factor) which has been found to increase the fraction of the ATP-ADP exchange enzyme present in untreated digitonin particles which is sensitive to DNP. It has characteristics therefore which suggest it to be equivalent to enzyme X and thus to be necessary for rebinding of highly purified exchange enzyme E. Preliminary experiments to test this hypothesis suggest that if it is correct, the sequence and molar ratio of these fractions are quite critical for successful "recombination" of highly purified ATP-ADP exchange enzyme.
These experiments also show the general feasibility of reconstructing some features of this "solid-state" enzyme system starting from protein components of known enzymatic capability to restore at least a portion of the kinetic and mechanistic complexity of the energy-coupling process.
Summary.-Addition of the 20-fold purified dinitrophenol-insensitive, soluble, mitochondrial ATP-ADP exchange enzyme to phosphorylating digitonin fragments of the mitochondrial membranes causes "recombination" of the soluble enzyme to those sites in the energy-coupling mechanism, so that dinitrophenol-sensitivity of the ATP-ADP exchange is largely restored. The "recombination" occurs only if the particles are capable of oxidative phosphorylation; no conferral of dinitrophenol sensitivity occurs with aged particles or in the presence of azide. Other enzymes showing ATP-ADP exchange do not show dinitrophenol sensitivity. Purification of the ATP-ADP exchange enzyme to about 150-fold results in loss of the ability to "recombine"; it is suggested a second protein necessary for "rebinding" is lost during fractionation.
The findings also indicate the feasibility of reconstituting the complex reactions of oxidative phosphorylation by combining soluble and insoluble elements in a specific manner.
